Human subtelomeres are polymorphic patchworks of interchromosomal segmental duplications at the ends of chromosomes. Here we provide evidence that these patchworks arose recently through repeated translocations between chromosome ends. We assess the relative contribution of the principal mechanisms of ectopic DNA repair to the formation of subtelomeric duplications and find that non-homologous end-joining predominates. Once subtelomeric duplications arise, they are prone to homology-based sequence transfers as shown by the incongruent phylogenetic relationships of neighbouring sections. Interchromosomal recombination of subtelomeres is a potent force for recent change. Cytogenetic and sequence analyses reveal that pieces of the subtelomeric patchwork have changed location and copy number with unprecedented frequency during primate evolution. Half of the known subtelomeric sequence has formed recently, through human-specific sequence transfers and duplications. Subtelomeric dynamics result in a gene duplication rate significantly higher than the genome average and could have both advantageous and pathological consequences in human biology. More generally, our analyses suggest an evolutionary cycle between segmental polymorphisms and genome rearrangements.
Human subtelomeres are polymorphic patchworks of interchromosomal segmental duplications at the ends of chromosomes. Here we provide evidence that these patchworks arose recently through repeated translocations between chromosome ends. We assess the relative contribution of the principal mechanisms of ectopic DNA repair to the formation of subtelomeric duplications and find that non-homologous end-joining predominates. Once subtelomeric duplications arise, they are prone to homology-based sequence transfers as shown by the incongruent phylogenetic relationships of neighbouring sections. Interchromosomal recombination of subtelomeres is a potent force for recent change. Cytogenetic and sequence analyses reveal that pieces of the subtelomeric patchwork have changed location and copy number with unprecedented frequency during primate evolution. Half of the known subtelomeric sequence has formed recently, through human-specific sequence transfers and duplications. Subtelomeric dynamics result in a gene duplication rate significantly higher than the genome average and could have both advantageous and pathological consequences in human biology. More generally, our analyses suggest an evolutionary cycle between segmental polymorphisms and genome rearrangements.
The human genome contains an abundance of large DNA segments that have duplicated over the last 40 million years 1, 2 . These segmental duplications represent $5% of the genome 2 and are frequently found near centromeres and telomeres 3 . Segmental duplications are emerging as important factors in chromosomal rearrangements leading to disease 4 and rapid gene innovation 2 , but the mechanisms by which they form are not well understood. Here we focus on the unusually dense concentrations of interchromosomal segmental duplications comprising human subtelomeres, which form the transition zones between chromosome-specific sequence and the arrays of telomeric repeats capping each chromosomal end. Previous cytogenetic studies have shown that human subtelomeres are strikingly polymorphic in content-large segments can be present in or absent from normal alleles 5 -and that the copy number of subtelomeric segments can vary among higher primates [6] [7] [8] [9] . This natural plasticity, combined with documented expression of several human subtelomeric genes 10, 11 , suggests that the evolutionary dynamics of subtelomeric regions could contribute to normal phenotypic variation within and between primate species, as is observed in other organisms (reviewed in ref. 5 ). However, subtle rearrangements of DNA near the ends of chromosomes are observed in association with human disorders, including mental retardation 12 . Although full sequence coverage has not yet been achieved for all chromosome ends, let alone for multiple alleles of each end, much can be learned from available sequence about subtelomere organization, evolution, variation and function, as well as more generally about the origin and consequences of segmental duplications.
Complex interrelated structures
Our 'paralogy map' of subtelomeric segmental duplications ( Fig. 1 and Supplementary Table S1 ) uses all finished sequences of genomic clones submitted to GenBank before April 2003. The map comprises ,2.6 Mb of sequence present in two or more of 33 human subtelomeres (including three allelic pairs). The seven completely sequenced subtelomeres in the set are bounded distally by 0.5-2.4 kb of various tandemly repeated units 13 called telomere-associated repeats (TAR1) and a short sample of the native telomeric arrays 14 . Numerous degenerate telomere-like repeats and TAR1 elements are also situated at varying distances from telomeres 15, 16 ( Fig. 1) . Notably, these repeats are almost always oriented 5 0 -3 0 towards the telomere. The paralogy map reveals the complex patchwork of sequence blocks shared by human subtelomeres. Different subtelomeres can show .100 kb continuous similarity, but a segment shared by a given chromosome set extends only 13 kb on average before being displaced on at least one subtelomere by a segment with a different chromosomal distribution. In the 33 subtelomeric contigs analysed, we identify 41 homology blocks larger than 3 kb (Fig. 1 ) (blocks 42-44 are special cases and not counted, see Supplementary Table S2 ). These blocks occur in 2-18 copies (average of 5), with 88-99.9% identity (Supplementary Table S2 ). Almost all instances of these blocks are in the same orientation and relative order (Fig. 1) . Polymerase chain reaction (PCR) analyses of monochromosomal hybrid cell lines confirm block boundaries defined by sequence alignments and identify at least one additional chromosomal copy for 17 out of 29 blocks evaluated (Supplementary Fig. S1 and Table S3 ).
Subtelomeres contain members of 25 small families of genes ( Fig. 1) . There is one gene per 30 kb on average. Eighteen families contain at least one subtelomeric member that encodes a potentially functional protein (Supplementary Table S4) . Thus, gain, loss or alteration of subtelomeric genes has a potential phenotypic effect. Subtelomeric genes have highly varied functions and include odorant and cytokine receptors, tubulins, transcription factors and genes of unknown function.
Sequences in the paralogy map and duplicates thereof detected in later assemblies and/or by PCR (an added total of 0.97 Mb) account for $83% of the estimated subtelomeric terrain in a typical genome 16 . Approximately 90% of the 490 kb of finished sequence added to nine ends in the latest genome assembly (Build 35) is .90% identical to sequence already represented in our data set; only 26 kb is novel. Thus, our data set represents a reasonably comprehensive sample from which mechanistic information can be derived.
Mechanisms of sequence transfer
To investigate the mechanisms resulting in subtelomeric segmental duplications, we considered two phases in their evolutionary history. The first consists of duplication to a new chromosome, creating a new structural boundary, and the second involves possible interactions between existing duplicates. We analysed the patterns and breakpoints of homology in sequenced subtelomeres to infer the mechanism of interchromosomal sequence transfer that would result in the first step. Two primary models were considered that might give rise to subtelomeric segmental duplications, namely chromosome translocations and DNA transposition. Several observations argue for the translocation model (Fig. 2) and against transposition. First, subtelomeric blocks do not have characteristic features associated with known transposons or their insertion sites 17 . Proposed targets for insertions of segmental duplications by a more general transpositional model 18 are also not found at subtelomeric homology breakpoints. Second, the preserved centromeretelomere orientation and order of most duplicated blocks and degenerate telomeric repeats, and the embedded patterns of shared blocks (Fig. 1) , argue against a transpositional model.
Instead, the block patterns are consistent with patchwork formation by numerous translocations involving the tips of chromosomes and subsequent transmission of unbalanced chromosomal complements to offspring (Fig. 2 ). In this model, each translocation event has the potential to create a new homology boundary and define a new block. Figure 3 illustrates how two translocations led to the duplication of a subtelomeric segment (block 4 plus 5) and its juxtaposition between different neighbours on chromosomes 15q and 8p. The sequence of events can be inferred from the state of interspersed repeat elements at homology breakpoints. Chromosomes 15q and 16q represent ancestral states, and the intermediate state of 6p reveals temporal separation of the two translocations leading to the block configuration on 8p.
Translocations can result from aberrant repair by either nonhomologous end-joining (NHEJ) or homologous recombination; both are major mechanisms of double-strand break (DSB) repair in mammalian cells 19, 20 . To deduce the relative contribution of NHEJ and non-allelic homologous recombination (NAHR) to subtelomeric block juxtapositions, we examined all homology breakpoints at single-nucleotide resolution. The presence of repetitive elements of the same class (or paralogous genes) at the homology boundary in both aligned junction sequences, often with a transition from high to lower sequence identity within the repeat, is strongly suggestive of homology-based repair (for example, see Supplementary Fig. S2 , where the original state can be recognized by characteristic direct repeats flanking the Alu element). In contrast, the absence of aligned repeats or the presence of a truncated repetitive element (or gene) at the homology boundary in one sequence is indicative of nonhomologous end-joining (as at breakpoints A and B, Fig. 3 ).
We identified a complete, non-redundant set of 56 junctionsequence alignments, each representing a unique translocation event, in the sequenced subtelomeres. We deduced the repair mechanism in 53 of these cases (Fig. 4, Supplementary Fig. S3 and Table S5 ). The vast majority seem to result from NHEJ (49/53, 92%) (Fig. 4b) . We infer repeat-mediated NAHR for only four (8%) of the events (Fig. 4a) , three of which involved Alu repeats. In the 15 cases of NHEJ for which structures representing both original partners and one translocation derivative were available, we found #5 bp of homology between the original sequences at the junction site (for example, Fig. 3b ). Small insertions found at eight junction sites are consistent with NHEJ-mediated translocations; eight cases of apparent large deletions could have formed either by translocation or intrachromosomal deletion (Supplementary Table S5 and Fig. S4 )
Although duplication borders of segmental duplications were found in genome-wide analyses to be enriched in recently active Alu repeats 21, 22 , interspersed repeats are not enriched at the DSBs leading to subtelomeric segmental duplications. Of a total of 102 independent DSBs (Fig. 4) , 45% occurred within a repetitive element (10.8% in Alu elements), close to the frequency expected from subtelomeric repeat content (Supplementary Table S6 ). We do, however, find degenerate telomeric repeats at 4% of these DSBs, whereas they occupy 0.5% of subtelomeric sequence (Supplementary  Tables S5 and S6 ). Subtelomeres are notably enriched in degenerate telomeric repeats relative to adjacent single-copy sequence or other genomic regions (,10-and ,100-fold, respectively) (Supplementary Table S6 ). These repeats could have been appended during DSB repair, the postulated genesis of other interstitial telomere-like repeats 23 . Breakpoint 22 in Supplementary Table S5 is a clear example of such a process. Although we cannot rule out a functional role for these repeats, they are probably scars of many past DSB repairs.
Generation of diverse structures by multiple translocations between chromosome ends (Fig. 2a-c) is just one aspect of subtelomeric dynamics. Once duplicates exist on different chromosomes, they are subject to homology-based reciprocal or non-reciprocal sequence transfers (Fig. 2f, g ). These events do not generate new block boundaries, but can supplant mutations accrued on one chromosome with those from another copy and spread structures formed by NHEJ to new locations (Fig. 2d) . We reasoned that if duplication and subsequent homology-based sequence transfer are separated by sufficient time, the latter could be observed as a significant shift in sequence identity within regions of similarity.
To test for such events, we evaluated fluctuations in sequence identity along a 60-kb region, parts of which are shared with 88-99.5% identity by seven subtelomeres (Fig. 5a) . Four computational approaches indicate that homology-based sequence transfers occurred many times between these paralogues. (1) The best-matching pairs (that is, partners in the most recent transfer events) change $5 times along the sequences (Fig. 5b and Supplementary Fig. S5) . (2) The phylogenetic relationships of neighbouring sections are strikingly incongruent (Fig. 5c) . (3) The per cent identity between any two subtelomeres shifts significantly multiple times across their alignment (Figs 5d, e) . High similarity is unlikely to result from local selective pressure, because the most similar portions of different sequence pairs do not coincide. (4) Strong statistical support for multiple sequence transfers, ranging from several hundred to several thousand base pairs, is obtained using GeneConv 24 ( Fig. 5f and Supplementary Table S7 ). Thus, subtelomeric blocks on different chromosomes do not evolve independently; instead, continued interchromosomal interactions obfuscate their duplication history. Transfers are also likely to be prevalent among the many subtelomeric blocks that are .98% identical, but only more subtle haplotype analyses might detect these events 25 .
Dynamics of primate subtelomeres
Recent changes in subtelomeric composition can be detected using fluorescence in situ hybridization (FISH) to determine the copy number and location of sequences in chromosomes of different primate species. Previous descriptions of subtelomeric dynamics using this approach were confounded by the use of probes encompassing several subtelomeric blocks, each with a different chromosomal distribution and evolutionary history 5, 26 . To refine the analysis of structural changes in subtelomeres, we used four small FISH probes, each of which encompasses a single homology block. This approach reveals an unanticipated degree of recent genomic rearrangement in subtelomeres. Each block varies in copy number and chromosomal location between human individuals (Fig. 6) , and FISH detects more chromosomal sites than are evident in the genome assembly or hybrid panel (Supplementary Table S8 ). We detect content variation at 14 chromosomal ends using just four block probes on three individuals. Further analyses would undoubtedly uncover more variation.
Gross structural polymorphism of human subtelomeres is also evident in the finished sequence of allelic pairs (Fig. 1) . The two sequenced alleles of 16p are 99.8% identical in chromosome-specific DNA sequence, transition to much lower identity (,93%) within the adjoining block 17, and have no detectable homology in distal sequence ( Supplementary Fig. S6 ). The 19p alleles also differ grossly in subtelomeric content (Fig. 1) . One of the structurally variant 4q alleles (4qA) is found in association with facioscapulohumeral dystrophy 27 . Other cases of gross allelic variation are revealed by PCR analyses of the hybrid panel ( Supplementary Fig. S1 ). Table S5 and Fig. S3 ). In some cases, two originals and one hybrid were available for comparison (for example, NHEJ group 1). Other predicted states were not among surviving, sequenced alleles. Subtelomeric dynamics are not confined to the human lineage. Blocks moved, and copies were lost and gained during primate evolution (Fig. 6 ). For example, block 20 is present at $9 subtelomeric locations in chimpanzee and human, whereas it occurs at only a few internal sites in gorilla and orangutan. The odorant-receptorgene-containing block 5 was completely lost from the orangutan and gorilla genomes, yet is duplicated in chimpanzee and human genomes in four or more sites. The high similarity between sequenced human copies of these blocks ( Fig. 1 and Supplementary Table S2) , together with the fact that humans have more copies of three of the four blocks than other primates, argues that the diversity of these particular block distributions arose primarily by recent duplications, rather than by loss of different subsets of ancestral copies. We estimate that an average of 25 independent events, involving relocation or copy-number change of a total of ,1.2 Mb, can account for the observed differences between chimpanzee and human in the subtelomeric distribution of these blocks. FISH analyses also suggest that chimpanzees, like humans, show gross variation in subtelomeric content. Future, less anthropocentric analyses will probably reveal subtelomeric blocks that have been lost in humans but retained and perhaps duplicated in other primates.
Timing and rates of subtelomeric transfers
The very recent nature of the interchromosomal events shaping subtelomeres is apparent from the high similarity of paralogous blocks on different chromosomes and from our cytogenetic analyses. For 28 of the 41 blocks, even the most dissimilar copies exceed 97% identity ( Fig. 1 and Supplementary Table S2 ). Assuming a mutation rate of 10 23 substitutions per site per million years 28 (Myr), all the copies of these 28 blocks must have formed by duplication (except the original one) or participated in homology-based sequence transfer in the past 15 Myr during the divergence of humans and great apes.
When all pairs of human subtelomeric blocks are compared, the vast majority have 99.0-99.9% identity (Supplementary Fig. S7 ). Pairwise comparisons of all interchromosomal segmental duplications in the genome peak at ,98% identity (ref. 1) , indicating that most subtelomeric segmental duplications result from more recent events than other segmental duplications. Indeed, after correcting for redundancy, we find that subtelomeres account for 40% of all duplications in the latest genome assembly 3 that have a match of $98.7% identity on another chromosome. Remarkably, ,1 Mb (40%) of known subtelomeric terrain has a paralogous match of $99.5% identity, often rivaling the similarity of allelic copies.
We estimate conservatively that 49% (1.13 Mb) of known subtelomeric sequence was generated after humans and chimpanzees diverged (Supplementary Fig. S8 ). This amount equates to an observed rate of subtelomeric interchromosomal sequence duplication and/or transfer during the last 6.5 Myr of ,0.075 bases per site per Myr (Supplementary Table S9 ). We estimate from our cytogenetic analyses of the four blocks in Fig. 6 that these subtelomeric sequences relocated or changed in copy number at a rate of ,0.09 bases per site per Myr during the same time interval. The sequenceand cytogenetic-based estimation methods capture slightly different aspects of subtelomeric dynamics and underestimate the true rates of interchromosomal sequence transfer. Nevertheless, both estimates yield rates .60-fold higher than those of point mutations 28 or bases added by retrotransposon insertion 29 over the same evolutionary period.
Given the amount of new subtelomeric sequence apparently created during the past 5 Myr (1.0 Mb), we estimate that ,7 gene duplicates arose in human subtelomeres per Myr in recent times (Supplementary Table S9 ). Even if half of these genes are deceptively young owing to sequence transfers between pre-existing copies, the rate of gene duplication in subtelomeres (0.04 duplicates per gene per Myr) is fourfold higher than the genome-wide average 30 . The rate of gene creation in subtelomeres is matched only by that in pericentromeric regions, which, like subtelomeres, are hotbeds of segmental duplications 31 .
Discussion
Here we demonstrate that a multitude of predominantly NHEJmediated translocations led to a complex patchwork of segmental duplications in human subtelomeres that exchange sequence at a remarkably high rate. The extraordinary recent dynamics of subtelomeres complicate the description of the human genomic landscape and its variation. Perhaps no chromosome-specific marker or block organization exists within subtelomeres, as they appear to evolve as a pool of variant allelic and paralogous structures. More over, inter-allelic subtelomeric recombination rates may be impossible to quantify owing to the high frequency of interchromosomal transfers. Why are subtelomeres so plastic? Deviations in copy number of subtelomeric DNA might be better tolerated than segmental aneuploidy of other genomic regions. Furthermore, subtelomeres might be more susceptible to DSBs and/or more readily repaired through interchromosomal interactions than other regions 32 . Telomere clustering in meiotic cells 33 might favour exchange of chromosome ends during DSB healing. Gross allelic differences probably make some subtelomeres prone to mispairing at meiosis, catalysing further change.
Subtelomeric rearrangements might not be restricted to the germline, but could also arise in somatic cells during repair of DSBs or eroded telomeres. The resulting genotypic heterogeneity might affect fitness at the cellular and/or individual levels. Indeed, subtelomeres coalesce with telomeres in DNA-repair foci in naturally senescent cells 34, 35 and in cells with artificially induced telomere dysfunction 36 . Furthermore, the high level of apparent sister chromatid exchanges observed at chromosome ends (10 22 per Mb per generation) 37 signals a high DSB rate and could subsume interchromosomal subtelomeric exchanges. Table  S3 ). NA, not applicable.
The results of ectopic repair of subtelomeres could have advantages beyond the healing of damaged ends. With their propensity to duplicate and exchange, subtelomeres could serve as a nursery for new genes and a place where haplotypes can diversify faster than in single-copy genomic regions. Sequence transfer between paralogous genes (as in Fig. 5 ) has the potential to create advantageous new combinations of sequence variants, aiding adaptive peak shifts 38 . Indeed, subtelomeric genes are associated with adaptive processes in other organisms (refs 39-41 and citations in ref. 5). However, subtelomeric dynamics are a double-edged sword. Some DSB repair events could result in loss or gain of dosage-sensitive genes in the most distal single-copy DNA, or in contextual changes with adverse effects on gene regulation. The sequence analyses presented here contribute to a developing framework that will enable exploration of the roles of subtelomeric dynamics in normal variation, adaptive change and clinically manifested disorders.
The translocation-based model developed here to explain subtelomeric segmental duplications could be broadly applicable to other interchromosomal segmental duplications (Fig. 2) . The first step in this model is a reciprocal translocation (Fig. 2a) , which arises de novo in ,1/2,000 concepti 42 . One in 500 healthy individuals carries a cytogenetically visible, balanced translocation 43 . A second interchromosomal exchange between the translocation derivatives ( Fig. 2b ) is likely to be selectively favoured if it reduces the risk of passing a grossly imbalanced chromosomal complement to gametes. Duplicated segments, particularly when present on just one allele, can in turn promote translocations through NAHR (Fig. 2d) . Furthermore, a DSB occurring in a hemizygous region stemming from an unbalanced translocation has increased probability of causing another translocation, inversion or intrachromosomal deletion, owing to the absence of a homologous template for its repair (Fig. 2e) . Thus, segmental polymorphisms predispose to further rearrangements, which in turn lead to new segmentally polymorphic structures. This cycle of segmental polymorphism and gross genomic rearrangement is particularly obvious in subtelomeres and could underlie structural variation [44] [45] [46] and genomic disorders 4 arising at many other locations in the human genome.
METHODS
Additional results and methodological details, including the basis for all rate calculations, are provided as Supplementary Methods. Sequence collation and analysis. Details of the iterative search for finished subtelomeric sequences are provided in the Supplementary Methods. Sequences with continuous overlap of .99.8% nucleotide identity were merged into contigs (Supplementary Table S1 ) and assumed to represent the same genomic region or an allelic variant. We used a combination of approaches to establish or verify the chromosome location of contigs (Supplementary Table S1 ), including PCR of a monochromosomal hybrid panel (Supplementary Table S3), FISH  (Supplementary Table S10) , and matches to half-YAC (yeast artificial chromosome) vector-insert junction sequences 10 (Supplementary Table S11 ). Regions of similarity were identified from pairwise sequence alignments made by BLAST2 47 , without masking repeats. Blocks of paralogy were delineated when one or more contigs showed a break in homology, except where paralogy adjoined a gap in available sequence. Block colour/number are changed in Fig. 1 if similarity is lost on one or more subtelomeres, except when loss of homology occurs within 3 kb of another breakpoint. However, all breakpoints were evaluated for mechanistic signatures (see below). Blocks from different chromosomal contigs were aligned using cross_match (http://www.phrap.org/) and MAVID 48 . Per cent identities of block copies were calculated without insertions or deletions and with JukesCantor correction for multiple substitutions. From 1,438 alignments (26.8 Mb total aligned sequence), a best-matching partner was identified for each block in each chromosomal contig (Supplementary Fig. S7 ). To remove redundancy in cases of reciprocal best matches, only one of the two alignments was included in the estimation of the amount of recently generated sequence (see Supplementary  Methods and Supplementary Table S9 ). We also calculated the sum of nonoverlapping interchromosomally duplicated bases with paralogous match of $98.7% in subtelomeres or elsewhere in the latest genome assembly (Build 35), as outlined in Supplementary Methods. Subtelomeric block analysis by PCR and FISH. The subtelomeric content of 24 individual human chromosomes isolated in a hybrid panel was analysed by PCR using 160 primer pairs ( Supplementary Fig. S1 and Table S3 ). FISH was performed as detailed in the Supplementary Methods, using block-specific probes generated by long-range PCR (blocks 20, 5 and 2) or cosmid f7501 (block 3; ref. 6) on primary cultures of three unrelated Caucasians (2 males and one female) and cell lines of male chimpanzee, orangutan and gorilla. The assumptions used to conservatively estimate the rate with which these blocks changed copy number or location since the divergence of humans and chimpanzees are given in Supplementary Methods. Note that this rate excludes homology-based sequence transfers among pre-existing copies, whereas the sequence-based estimate includes duplications and homology-based sequence transfers, but not changes in segment location. Breakpoint analyses. We identified homology breakpoints from all pairwise subtelomeric sequence alignments and evaluated a nonredundant set for mechanistic signatures as described in the Supplementary Methods (Supplementary Table S5 ). All remaining block junctions in Fig. 1 are nearly identical replicas of members of this junction set, owing to their duplication within larger segments. The number of independent DSBs was counted as two for each deduced NHEJ event and one for each NAHR event in the non-redundant set. We queried the human genome by BLATwith the 200 bp surrounding each NHEJ breakpoint lacking a gene or known repeat, and we found no novel repeats. Detection of homology-based transfer. Changes in per cent identity along pairwise sequence alignments were determined using the percentIDplot program (E. M. W. and E. V. L, unpublished data). The best-matching pair in each 5-kb and 2-kb window in each sequence was identified from a multiple sequence alignment generated using MAVID 48 ( Supplementary Fig. S5 ). Phylogenetic trees were constructed using PAUP 49 .
